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Abstract
The experimental UV–Vis spectra of the biologically relevant [2Fe–2S] iron–sulfur clusters feature typically three bands in 
the 300–800 nm range. Based on ground-state orbitals and using the one electron transition picture, these bands are said to be 
of charge transfer character. The key complication in the electronic structure calculations of these compounds are the antifer-
romagnetic coupling of the iron centers and high covalency of Fe–S bonds. Thus, the examples of the direct computations 
of electronically excited states of these systems are rare. Whereas low lying electronic excited states were subject of recent 
studies, higher energy states computed with many-body theories were never reported. In this work we present, for the first 
time, calculations of the electronic spectra of  [Fe2S2](SMe)4

2− biomimetic compound. We demonstrate that spin-averaged 
restricted open-shell Hartree–Fock orbitals are superior to high-spin orbitals and are convenient reference for subsequent 
configuration interaction calculations. Moreover, the use of conventional configuration interaction methods enabled us to 
study the nature of the excited states in details with the difference density maps. By systematic extension of the donor orbital 
space we show that key excitations in the 300–800 nm range are of Fe 3d ← (μ-S) character.

Keywords Iron–sulfur clusters · Charge transfer · Spin-averaged restricted open-shell Hartree–Fock · Configuration 
interaction

1 Introduction

Iron–sulfur clusters are ubiquitous in nature. Their key bio-
logical role is to mediate the electron transfer (e.g. in hydro-
genases [1]) but they also serve as the enzymatic reaction 
centers like in S-adenosyl-l-methionine reducing proteins 
that are involved in the DNA repair [2]. The clusters feature 
a core assembly of iron and sulfur atoms typically denoted 
as  [FexSy]z, where x and y > 1 and z denotes the charge of the 

cluster, that is anchored to the protein scaffold with cysteine 
residues. Other linkers, such as histidine or aspartate, are 
also possible and were recently shown both experimentally 
[3] and theoretically [4] to influence the electronic proper-
ties of the clusters.

The key feature that makes the iron–sulfur clusters 
efficient electron mediators is the dense ladder of excited 
states that presumably allows the system to switch between 
them upon geometry change in a nonadiabatic process [5, 
6]. Recently, light-induced charge-transfer (CT) pathways 
were spectroscopically characterized and a presence of long-
lived CT states was confirmed [7, 8]. Based on a classical 
works on iron–sulfur clusters [9–11] that provide the analy-
sis of a symmetry-broken (BS) ground state determinant 
of the Xα (or related) method, the CT state was attributed 
to Fe ← S(cysteine) excitation. We note, however, that the 
reasoning adapted is approximately valid only in a case of 
pure single electron transitions that may be characterized 
by a single pair of donor–acceptor orbitals. The key issue 
is that iron–sulfur clusters are known to posses unusually 
high density of states that is a consequence of low-spin, 
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antiferromagnetic coupling between locally high-spin iron 
centers [12]. This property makes any quantum chemical 
calculations on iron–sulfur clusters very demanding as it 
requires proper treatment of the static correlation. Moreover, 
to the best of our knowledge, no UV–Vis spectra computed 
directly with a multiconfigurational approach was reported 
in the literature. The knowledge of the nature of states that 
are excited by the chosen wavelength (photoinduction, 
e.g. 400 nm) is prerequisite for a charge transfer dynamics 
analysis.

The usual approach, pioneered for iron–sulfur systems 
by Noodleman [9], involves the use of BS unrestricted wave 
function. It was shown later that the method provides good 
description of the low-spin ground state geometries and elec-
tronic properties of the iron–sulfur species [9–11, 13–16]. 
However, as the BS wave function is in fact a mixture of 
low- and higher-multiplicity states, the resulting BS determi-
nant does not constitute good reference for the spin-adapted 
single reference correlated methods to describe the excited 
states.

The correct treatment of static correlation in iron–sulfur 
clusters requires at least a minimal complete active space 
(CAS) [17] consisting of all 3d orbitals of iron atoms and 3p 
orbitals of the bridging sulfurs. For a cluster with  [Fe2S2]2+ 
core this yields an orbital space of 22 electrons distributed 
over 16 orbitals [CAS(22,16)]. For lowest possible spin 
state, such space is close to the limit of a canonical CAS 
self-consistent filed (CASSCF) calculations and still miss 
CT contributions from other ligands as well as dynamic cor-
relation outside of the CAS is not covered.

The multireference character of the ground state wave 
function of the iron–sulfur clusters was first accounted for 
in an approximated way in the density matrix renormaliza-
tion group (DMRG) study of Sharma et al. [18] that used 
minimal and extended CAS spaces for the analyzed sys-
tems. Authors computed first 10 excited states of  [Fe2S2] 
and  [Fe4S4] clusters with  CH3S− ligands at various oxidation 
and spin states and found high density of low lying excited 
states. More recent work covered 20 excited states of the 
 [Fe2S2](SMe)4

3−/2− system [19]. Interestingly, no ligand-to-
metal CT states were found up to about 400 nm. DMRG was 
also employed to study even larger  [Fe8S7] cluster (P-cluster 
of the nitrogenase) [20]. It was noted that the calculations 
become very demanding with increasing number of averaged 
states. Moreover, the wave function is prone to get stuck 
in a local minimum in the space of matrix product states, 
although these issues were partially alleviated with either 
applying exchange integrals shift [18] or by initiating the 
wave function with a complete collection of possible BS 
solutions for a given system [20].

[Fe2S2](SMe)4
3−/2− species were also subject of a restricted 

active space (RAS) study [21] of Presti et al. [22] In this case 
the reference space was partitioned into three sub-spaces: (1) 

3p orbitals of the bridging sulfurs (RAS1), (2) 3d orbitals 
of the irons (RAS2) and (3) 3d’ orbitals that constitute the 
so-called second d shell (RAS3). Full configuration interac-
tion was performed within the RAS2 space while only single 
excitations were allowed out of RAS1 or into RAS3. The 
dynamic correlation outside of the RAS was covered with 
the multiconfigurational pair-density functional approach 
[23]. Similarly to DMRG work [18], orbitals optimized at 
high-spin state were used to lower the computational cost. 
The main focus of the study was on the spin-state ladder and, 
interestingly, the ground spin state of  [Fe2S2](SMe)4

3− was 
found to be high-spin.

In any case, the states reported to date for the sim-
plest multimetallic iron–sulfur cluster model  [Fe2S2]
(SMe)4

3−/2− cover excited states up to 25,000 cm−1 (3.1 eV, 
400 nm). Some number of higher energy states were com-
puted with RAS-based approach [22] but their nature was 
not analyzed. Thus, in this study we demonstrate economic 
computational strategy to compute and analyze the com-
plete experimental UV–Vis spectra of the oxidized  [Fe2S2]
(SMe)4

2− model iron–sulfur cluster for which the experimen-
tal data are available [24]. Our approach focus on obtain-
ing best low-spin orbitals that can be used as a reference 
in a multireference configuration interaction (CI) scheme 
within the active space. We demonstrate, that spin-averaged 
Hartree–Fock (SAHF) method provides good orbitals for 
CI treatment of charge-transfer excited states. While only 
limited number of states can be computed at low-spin state, 
we show that by virtue of intrinsic electronic properties 
of iron–sulfur clusters the nature of key CT states can be 
approximated by assuming ferromagnetic coupling (total 
high spin). The use of canonical CI methods enables compu-
tations of oscillator strengths for obtained electronic transi-
tions and allows to compare theoretical electronic spectrum 
with the measured UV–Vis spectrum. The key outcome is 
that we found excellent agreement between the two and point 
out that the spectrum is mainly due to Fe ← (μ-S) CT transi-
tions and Fe ← S(cysteine) excitations can only be observed 
above 300 nm.

2  Methods

All electronic structure calculations were carried out with 
ORCA 4.2.0 program [25]. Multiwfn [26] was used to carry 
out cube files manipulations. Visualizations were performed 
with VMD 1.9.0 [27].

The geometry of the  [Fe2S2](SMe)4
2− molecule was opti-

mized within the density functional theory using BP86 
functional [28, 29] augmented with the D3BJ dispersion 
correction [30, 31]. The ground electronic state has anti-
ferromagnetic character (total spin of 0 with locally high-
spin 3d5 iron atoms) and it was simulated with the broken 
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symmetry approach. From a technical point of view, orbital 
preparation is a three-step procedure that uses localized nat-
ural orbitals: [4, 32] (1) first the high spin natural orbitals 
(NOs) state (multiplicity 11) orbitals are obtained, then (2) 
the singly occupied NOs are localized and duplicated into 
the alpha and beta sets providing the Fe-localized 3d orbit-
als of different iron atoms are placed in different sets so that 
(3) subsequent low spin (multiplicity 1) unrestricted calcu-
lations converge smoothly to the BS state. The optimized 
geometry was subject to second derivative calculations and 
all normal modes were positive (local energy minimum). 
Cartesian coordinates of the structure can be found in the 
Supplementary Information.

Unrestricted high-spin Kohn–Sham BP86 orbitals of 
the low-spin optimized geometry were fed into the unre-
stricted Hartree–Fock (UHF) calculations to generate UHF 
quasi-restricted orbitals (QROs) [33] that are good starting 
point in the spin-restricted calculations. The spin-averaged 
Hartree–Fock (SAHF) [34] calculations were set to average 
all states of multiplicity 1 resulting from the distribution 
of 10 electrons over 10 singly occupied QROs. The final 
orbital set was subject to orbital localization with Pipek-
Mezey approach [35]. Doubly occupied and singly occupied 
sets were localized separately. Resulting orbitals were then 
sorted according to visual inspection so that four principal 
sets were formed: (1) ten orbitals of mainly iron 3d char-
acter (2) six μ-S 3p orbitals (3) four σ-S(cysteine) bonding 
orbitals of mainly S 3p character and (4) four n-S(cysteine) 
3p orbitals that accommodate the lone pair. The orbitals are 
depicted in Fig. 1. For comparison, analogous procedure was 
followed for simple high-spin ROHF reference.

Obtained SAHF orbitals were used in the CASCI calcula-
tions with the active space comprising of orbitals from sets 
(1) and (2) what resulted in a (22,16) space (22 electrons and 
16 orbitals). Additional RASCI calculations included also 
orbitals from sets (3) and (4) by allowing single excitations 

into the RAS2 (16 orbitals, essentially full CI) out of the 
RAS1 space (8 orbitals). In RASCI calculations 38 elec-
trons were correlated and the full calculations are denoted 
as RAS(38: 8 1/16). Computed spectra were plotted with 
2000 cm−1 broadening and were shifted by − 6000 cm−1 to 
visually match with the experimental spectrum. Such shift 
does not affect the shape of the spectrum and accounts for 
systematic errors of the method. Unshifted absolute exci-
tation energies for various wave functions considered are 
provided in the Supplementary Information.

The nature of the excited states was analyzed by first 
forming the state-specific natural orbitals for all excited 
states. In the next step, state-specific electronic densities 
were generated on a grid and saved as cube files with orca_
plot utility program that is part of the ORCA system. Final 
density differences were obtained by taking the difference 
between ground state electron density and the chosen excited 
state electron density.

All calculations reported employed def2-TZVP basis set 
[36]. Whenever implemented, resolution of identity (RI) 
approximation [37, 38] was used to ease Coulomb integrals 
evaluations while chain-of-spheres approximation (COSX) 
[39] was applied to the exchange integrals. These calcula-
tions utilized def2-TZVP/J (HF or DFT) or def2-TZVP/C 
(CI methods) auxiliary basis sets [40].

3  Results

In the optimized geometry, the Fe–Fe interatomic distance 
was 2.63 Å and (μ-S1)-Fe-(μ-S2) angle was 106°. All four 
Fe–S(cysteine) bond lengths were found to be 2.32 Å while 
iron-inorganic sulfur bonds were shorter (2.19 Å). Obtained 
data are consistent with synthetic [2Fe–2S] clusters as well 
as those found in proteins [41].

Fig. 1  Localized SAHF orbitals 
(sorted) and the definition of 
orbital spaces for three methods 
used in this study. For the 
 [Fe2S2](SMe)4

2− molecule the 
total number of electrons asso-
ciated with the depicted orbitals 
is 38. The isovalue was set to 
± 0.03 a.u
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SAHF orbitals optimization on the top of BP86 geom-
etry yielded orbitals shown in Fig. 1. We note that SAHF 
procedure yields virtually the same orbitals as CASSCF 
method with maximal number of roots for a given multiplic-
ity and initial orbital space. We confirm the equivalence by 
computing the total SAHF and state-averaged CASSCF (5 
states) energies of high-spin  Fe2+ ion with the active space 
of 5 3d orbitals and 6 associated electrons. Total energy of 
− 1261.630285 a.u. was found in both cases. The key differ-
ence is that for SAHF averaging occurs at the level of energy 
expression so that only total averaged energy is computed 
while in the CASSCF method averaged are electronic states 
and CI matrix eigenvalues are readily available. In the latter 
case, the formation of spin-adapted states limits the practical 
applications of the method.

In our scheme, to access the excited states manifold, we 
performed multi-root multireference CI calculations on the 
top of SAHF orbitals within the active space orbitals shown 
in Fig. 1. In this case the singly occupied set (SOMOs) is 
mainly of Fe 3d character but the Fe–S covalency is sig-
nificant owing large delocalization onto sulfur atoms. The 
orbitals were then subject to CASCI(22,16) calculations and 
all bridging S 3p and SOMOs were included in the active 
space. The computed UV–Vis spectra are shown in Fig. 2.

In the first step, CASCI(22,16) calculations were per-
formed by solving the CI problem for 50 roots (red line in 
Fig. 2). State with energy of 18,245 cm−1 was identified and 
associated with experimentally observed transition about 
18,000 cm−1. Attempts to obtain higher number of roots 
(e.g. 100) failed as the residual norm of higher-energy roots 
oscillated significantly and did not converge. However, we 
observed that the same calculations but with spin state set 

to 5 in CASCI step yielded spectrum that up to 20,000 cm−1 
resembles the low spin spectrum (blue line in Fig. 2). Inter-
estingly, the two bands around 21,000 and 24,000 cm−1 were 
reproduced. By further increasing the number of roots to 100 
(green line in Fig. 2) and 200 (gray line in Fig. 2) we were 
able to qualitatively cover the spectrum up to 35,000 cm−1. 
Beyond this energy, the agreement was not that good and 
two maxima were obtained in theory while single maximum 
of high intensity was observed in the experimental spectrum.

The striking overlap of energies of the state responsible 
for the band around 18,000 cm−1 computed at high- and 
low-spin states prompted us to investigate this phenome-
non more in details. Inspection of the differential electron 
density provided in Fig. 3 revealed that the state is of CT 
character: the electrons are excited from the Fe-(μ-S) bonds 
to a Fe 3d orbitals. Why then the excitation energy does 
not depend on the spin of the wave function? To answer 
this question we analyzed two selected determinants from 
a simple three orbital—four electron system (Fig. 4). First 
determinant represents an open-shell singlet case (Fig. 4a) 
while the second is a classical triplet (Fig. 4b). Both deter-
minants are assumed to share the same spatial orbitals that 
are spatially separated. The double occupied spin-orbital (2) 
represents donor ligand orbital (e.g. 3p S) and two SOMOs 
(1) and (2) form the magnetic pair. The energy difference 
ΔES-T between the ground state determinants is proportional 
to the exchange integral between magnetic orbitals  (K23). We 
also consider corresponding single exited states and here the 
energy difference is proportional to  K13. Excitation energy in 
the case of open-shell singlet is proportional to combination 
of Coulomb integrals only. On the other hand, excitation 
out of the triplet determinant has an exchange component 
(− K23 + K12). If the latter is close to 0 then the excitation 
energy would not depend on the spin state used in calcula-
tions. This will happen either in case of  K12 ≈ K23 or when 
simultaneously the magnitude of  K12 and  K23 is small. We 
note that we assumed the spin orbitals (1), (2) and (3) to be 
spatially well separated. Exchange interactions fall quickly 
with the distance so that we can expect  K12 and  K23 to be 
small. In the real system Fe…Fe exchange interaction must 
necessarily be small as the spins on two iron centers tend to 

Fig. 2  Comparison of experimental (black) and computed UV–Vis 
electronic absorption spectra of  Fe2S2](SMe)4

2− The active space in 
CASCI calculations was always (22,16) and SAHF reference orbitals 
(multiplicity 1) were used. The spin state and the number of states 
accounted in the target CASCI wave function is indicated in the leg-
end

Fig. 3  Differential electron density (± 0.005 a.u.) between the ground 
state and the 23rd excited state (Eexc = 18 245  cm−1). Regions in 
space of decreasing and increasing electron density upon excitation 
are shown in blue and red, respectively
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align antiferromagnetically. Indeed, inspection of exchange 
integrals over orbitals centered on different iron atoms shows 
that they are small, on the order of 0.001 a.u.. To put this 
number into a perspective, Coulomb integrals for the same 
orbitals are ~ 0.2 a.u. while exchange integrals that involve 
orbitals centered on the same atom are roughly around 
0.01 a.u. Exchange integrals between iron atom and μ-S 3p 
orbitals falls in range between 0.01 and 0.001 a.u. Thus, the 
iron–sulfur cluster fulfills simultaneously both requirements 
for excitation energy being insensitive to the spin state used 
in calculations (low- or high-spin): exchange interactions 
between magnetic centers is small and comparable in mag-
nitude to exchange interactions between 3d electrons of iron 
and 3p electrons of sulfurs. We note, that such equivalence 

would not hold for intermediate spin-states that involve local 
Fe excitations.

With an established successful protocol for UV–Vis spec-
trum simulations up to 35,000 cm−1 one has to deal with 
even higher energy features in the experimental spectrum 
that are not that well reproduced. Earlier studies suggested 
possible CT states closer to 25,000 cm−1 that result from 
Fe ← S(cysteine) transitions. To investigate these possibili-
ties we extended our CASCI(22,16) to RASCI(38: 8 1/16) 
approach, also with a high-spin state. Here, the previous 
CAS space constitutes the so-called RAS2 space in which 
essentially the full CI calculation is performed. This space 
is supplemented with additional set of orbitals called RAS1 
and only single excitations are allowed out of RAS1 into the 
RAS2. The essential physics should be then covered—CT 
states of Fe ← S(cysteine) character will be generated, mul-
tireference character will be accounted for and simultane-
ously the RAS2 excitations will be polarized by the cysteinyl 
ligands. We also note that trial calculations shows that orbit-
als associated with inorganic sulfur atoms must necessarily 
be part of the RAS2 and cannot be moved to RAS1 as each 
computed state is comprised of multiple number of con-
figuration state functions of small weight (< 0.02) where 
the hole is placed on any of the six sulfur-centered orbitals.

The results of the calculations are presented in the Fig. 5. 
It is clear that extended orbital space does not alter the lower 
energy spectrum. In the region above 35,000 cm−1 a sig-
nificant changes were noted due to presence of expected 
Fe ← S(cysteine) excited states. On the basis of the differ-
ential density plots derived from RASCI calculations (see 
Fig. 5b) we can make final experimental band assignment 
in a following way:

1. ~ 13,000 cm−1: low intensity Fe 3d ← n-(μ-S) coupled 
with local Fe 3d excitations

2. ~ 18,000 cm−1: Fe 3d(e.g.) ← σ*-(μ-S)
3. ~ 21,000 and 25,000 cm−1: Fe 3d(e.g.) ← σ-(μ-S)

Fig. 4  Analysis of energies and energy differences between selected 
determinants representing open-shell singlet (a) and triplet (b) states 
arising in a simple three orbital—four electron system. Both spin 
states are assumed to share the same spatial orbitals. J and K are 
Coulomb and exchange integrals, respectively; subscripts denote spin 
orbitals

Fig. 5  a Comparison of experi-
mental (black) and computed 
spectra with two methods: 
CASCI(22,16) in gray and 
RASCI(38: 8 1/16) in red. b 
Differential electron density 
plots (± 0.005 a.u.) for key 
bands identified in the experi-
mental spectrum
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4. ~ 30,000 cm−1: Fe 3d(t2) ← (μ-S)
5. ~ 36,000 cm−1: Fe 3d ← n-S(cysteine)
6. ~38,000 cm−1: Fe 3d ← σ-S(cysteine)

In the classification, we used σ and σ* to denote 3p 
atomic orbitals that form binding and antibonding pairs 
with iron 3d orbitals, respectively; 3d orbitals were classi-
fied using Td point group whenever possible.

4  Summary

In this work for the first time the high energy UV–Vis spec-
trum was simulated using multireference approach. Up to 
35,000 cm−1 the spectrum was found to have exclusively Fe 
3d ← (μ-S) character with marked features that come from 
inorganic sulfur lone pairs as well as from Fe–S σ and σ* 
orbitals. The postulated Fe ← S(cysteine) charge transfer 
states were found in higher energies. The latter means that 
only little to none of them would be accessible with 400 nm 
excitation light. However, thermal vibrations and potential 
created by the protein may shift these state lower in energy. 
Such shift will be investigated in an upcoming work.

From a methodological point of view, we pointed out 
that special electronic properties of the iron–sulfur clusters 
(small exchange interaction between Fe atoms as well as 
between iron and sulfurs) allow to compute and character-
ize CT excited states by using high-spin CI approach. How-
ever, the use of low-spin orbitals is mandatory. We have 
shown that SAHF method provides excellent orbital basis 
for subsequent CI treatment of the excited states. In con-
trary, high-spin ROHF orbitals are not suitable for the pre-
sent method—the first excited state is found > 55,000 cm−1 
(unshifted) and the spectrum does not show proper band 
structure. In a broader perspective, we believe that SAHF 
reference should be tested in schemes that approximate 
true multireference wave functions such as DMRG. It may 
happen that the orbital space would be more compact as 
compared to high-spin reference. In this way computations 
on even larger iron–sulfur clusters or clusters that feature 
additional hetero atom may become accessible.
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